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Abstract
Aim: To explore the impact of island area and isolation on multiple dimensions of ant 
biodiversity (taxonomic, phylogenetic and functional diversity) and the underlying 
processes of community assembly on islands.
Location: Thousand Island Lake, Zhejiang, China, created by dam construction in 
1959.
Taxon: Ants.
Methods: We sampled ants on 33 islands, built a species-level phylogenetic tree and 
measured five morphological traits of all species collected to estimate taxonomic, 
phylogenetic and functional diversity. We used multiple linear regression models and 
null models to examine the relationships between diversity metrics and island vari-
ables (area and isolation).
Results: We recorded 97 ant species on the study islands. We verified positive di-
versity–area relationships for species richness, phylogenetic diversity and functional 
diversity. However, although functional and phylogenetic community structure were 
indistinguishable from random communities, phylogenetic structure tended to be 
clustered, whereas functional structure tended to be overdispersed. Additionally, we 
found the structure of ant communities shifted from phylogenetic and functional 
clustering on smaller islands to phylogenetic and functional overdispersion on larger 
islands.
Main conclusions: Our results support the hypothesis that environmental filtering is 
the dominant process structuring ant communities on smaller islands, and that com-
petitive exclusion becomes more important on larger islands. Thus, island area acts 
as an important filter even though ant community structure on the study islands was 
indistinguishable from random communities. Moreover, our results show that envi-
ronmental filtering influences phylogenetic community structure of ants, whereas 
competitive exclusion influences functional community structure of ants. These find-
ings highlight the need to examine both phylogenetic and functional diversity in order 
to understand the mechanisms that govern the assembly of natural communities on 
islands.
K E Y W O R D S
ants, community structure, competitive exclusion, environmental filtering, island 
biogeography, morphological traits, phylogeny, Thousand Island Lake
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1  | INTRODUC TION
Inspired by his travels and ant collecting in the South Pacific, 
Edward O. Wilson worked closely with Robert H. MacArthur to 
elucidate the classic Theory of Island Biogeography (hereafter, 
TIB; MacArthur & Wilson, 1967), a general model to explain the 
number of species on islands. TIB posits an equilibrium model of 
ecological communities, through a colonization–extinction dy-
namic which implicitly assumes that species are equally different 
from each other and are randomly sampled from a regional pool 
(MacArthur & Wilson, 1967). Although TIB briefly considered the 
importance of traits (such as dispersal ability; table 8 on page 81 
in MacArthur & Wilson, 1967), the verbal model did not consider 
that species have different evolutionary backgrounds and possess 
distinct functional roles (i.e. phylogenetic diversity and functional 
diversity). Recent work has begun to incorporate the functional 
and phylogenetic dimensions of species into TIB (e.g. Jacquet, 
Mouillot, Kulbicki, & Gravel, 2017; Ottaviani et al., 2020 for the 
functional dimension; Pyron & Burbrink, 2014; Weigelt et al., 2015 
for the phylogenetic dimension). However, efforts to understand 
the drivers of community assembly on islands that consider simul-
taneously both the phylogenetic and functional differences among 
species are limited (Patiño et al., 2017; but see Si et al., 2017; Ross, 
Friedman, Janicki, & Economo, 2019). Here, we use TIB to assess 
the phylogenetic and functional community structure of the ant 
fauna on an island archipelago in subtropical China.
Phylogenetic diversity captures the evolutionary relationships 
among species and represents a comprehensive estimate of phy-
logenetically conserved ecological and phenotypic differences 
among species (Cavender-Bares, Kozak, Fine, & Kembel, 2009). In 
contrast, functional diversity provides insights into niche differ-
ences between species because traits used to measure functional 
diversity often incorporate a wide range of functional roles that 
a species might play in a community (Petchey & Gaston, 2002). 
If functional traits affect colonization–extinction dynamics on 
islands, these traits may then influence co-occurrence patterns 
among island faunas (Whittaker et al., 2014). In general, closely re-
lated taxa are likely to be more ecologically similar, and one might 
expect that phylogenetic diversity could therefore serve as a 
proxy for functional diversity (Graham, Parra, Rahbek, & McGuire, 
2009). However, the phylogenetic pattern does not always reflect 
the functional pattern (Sobral & Cianciaruso, 2016). This disparity 
can be the case when the selected functional traits do not have a 
strong phylogenetic signal (Cadotte, Carboni, Si, & Tatsumi, 2019), 
which may vary among different taxa and spatial scales (Krasnov, 
Poulin, & Mouillot, 2011). Thus, considering both the phylogenetic 
and functional structure of communities should help us under-
stand the relative importance of the different mechanisms shaping 
community structure on islands (Sobral & Cianciaruso, 2016).
Under the equilibrium model of TIB, species richness (SR) is ex-
pected to increase with island area and decrease with isolation (fig-
ure 8 on page 22 in MacArthur & Wilson, 1967). Similarly, we might 
expect phylogenetic and functional diversity to also increase with 
island area and decrease with isolation because each additional spe-
cies in a community will potentially add more phylogenetic or func-
tional information (Si et al., 2017; Whittaker et al., 2014). However, 
even though the positive diversity–area and negative diversity–iso-
lation relationships could be intuitively predicted, the processes 
that drive functional and phylogenetic structure on different islands 
may be distinct. Community assembly on islands may be driven by a 
variety of processes, including environmental filtering, competitive 
exclusion and random extinction (HilleRisLambers, Adler, Harpole, 
Levine, & Mayfield, 2012; Figure 1a).
On smaller islands, abiotic conditions are often more extreme 
and homogeneous than on larger islands, such that species that 
are not well-adapted to those conditions can face higher extinc-
tion pressure (Liu et al., 2019). Where this occurs, one may expect 
environmental filtering to play an important role in shaping com-
munities, favouring a subset of species that share similar functional 
traits (e.g. generalist diet or thermal tolerance; Figure 1a) that pro-
mote success in these conditions (Kraft et al., 2015). Under these 
circumstances, functional community structure is therefore ex-
pected to be clustered. Furthermore, if those clustered traits are 
also evolutionarily conserved, the community will likely also show 
phylogenetic clustering (Figure 1c). Conversely, larger islands with 
diverse habitats can provide a wide range of niches that might allow 
species from different lineages and/or that possess distinct func-
tional traits to co-occur. Where this is true, interspecific competi-
tion among closely related species might expected to be greater 
than environmental filtering (Cavender-Bares et al., 2009; Sobral & 
Cianciaruso, 2016), resulting in close relatives being competitively 
excluded from the community (Figure 1a). Consequently, the coex-
istence of species on large islands is predicted to show a high de-
gree of functional and/or phylogenetic overdispersion (Figure 1c).
Similar to the effect of island area, the isolation of islands may 
also influence the assembly of communities (Jones, Bunnefeld, Jump, 
Peres, & Dent, 2016). For example, only species with strong disper-
sal abilities may have the opportunity to colonize remote islands 
(Moore, Robinson, Lovette, & Robinson, 2008), leading to a clustered 
community structure on these distant islands (Figure 1a,c). Islands 
close to the mainland (i.e. close to the species pool) are more likely to 
have frequent dispersal events from taxa with a wide range of (often 
weaker) dispersal abilities. The subsequent colonization success of 
arriving species is likely to depend more on their competitive ability 
than on their dispersal ability. Therefore, we may expect commu-
nity structure to range from phylogenetic and functional clustering 
on smaller and more distant islands to phylogenetic and functional 
overdispersion on larger and less isolated islands (Figure 1c).
Ants (Hymenoptera: Formicidae) were an early model for testing 
the classic TIB (Cole, 1983; MacArthur & Wilson, 1967), and they are 
an ideal taxon for assessing biodiversity patterns and community as-
sembly on islands. They are highly diverse and abundant (Hölldobler 
& Wilson, 1990) and play a wide range of ecological roles, including 
soil movement, decomposition and seed dispersal (Toro, Ribbons, & 
Pelini, 2012). However, to date, only a few studies have examined 
ant community structure from multiple dimensions (Donoso, 2014; 
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Liu, Guénard, Blanchard, Peng, & Economo, 2016). Recent work 
has examined ant phylogenetic and functional diversity along ele-
vational gradients (Machac, Janda, Dunn, & Sanders, 2011; Smith, 
Hallwachs, & Janzen, 2014), among habitats types (Fichaux et al., 
2019; Liu et al., 2016) or along climatic gradients (Gibb et al., 2018; 
Liu, Dudley, Xu, & Economo, 2018). To the best of our knowledge, no 
study has examined how the phylogenetic and functional diversity 
of ant communities vary among islands.
Reservoir islands (or land-bridge islands) are an ideal platform 
for testing mechanisms of community assembly because the islands 
are formed simultaneously by dam construction and the water ma-
trix clearly shows the edge of islands (Weigelt et al., 2015). In this 
study, we took advantage of a reservoir island system, the Thousand 
Island Lake (TIL) located in subtropical China, to examine how is-
land area and isolation influence multiple dimensions of ant biodi-
versity and community structure. Specifically, we sampled ants on 
33 islands that differed in area and isolation, developed a proposed 
species-level phylogeny of all ant species in our study system to 
overcome the shortcomings of only considering the genus-level data 
in previous studies (Donoso, 2014; Liu et al., 2016; Machac et al., 
2011) and measured morphological traits for each species. In this 
study, we predicted that (a) positive diversity–area and negative di-
versity–isolation relationships would be found for each dimension 
of biodiversity (Figure 1a,b) and (b) environmental filtering would be 
the dominant process in structuring ant assemblages on smaller and 
more isolated islands but that competitive exclusion would become 
more important on larger and less isolated islands (Figure 1a,c).
2  | MATERIAL S AND METHODS
2.1 | Study sites and island selection
This study was carried out in TIL, a land-bridge island system lo-
cated in Zhejiang Province, southeastern China (29°22′–29°50′N, 
118°34′–119°15′E), formed in 1959 by the construction of a dam. 
The lake area is approximately 580 km2 and includes more than 
1,000 islands (each of which was previously a hilltop before flood-
ing). The region is in the subtropical zone and has a typical subtropi-
cal monsoon climate with significant seasonal changes. The average 
annual temperature is 17.0°C. Daily temperature ranges from −7.6°C 
in January to 41.8°C in July. The annual precipitation is 1,430 mm, 
mainly concentrated in the rainy season between April and June (Si, 
Pimm, Russell, & Ding, 2014). The dominant vegetation on the islands 
is secondary forest, mostly of Pinus massoniana (Liu et al., 2019).
We selected 33 islands representative of the range in island 
area and isolation that occurs among most islands in the archipel-
ago (Figure 2; Table S1). Island area and isolation (measured as the 
F I G U R E  1   Models of phylogenetic and functional community structure and the effects of island area and isolation. We illustrate (a) a 
hypothetical phylogenetic (or functional) tree and three potential mechanisms shaping the ant communities on three different islands (A, B 
and C). Circles indicate islands, and the size and position of each island indicate the island area and distance to the mainland at the top. We 
also illustrate (b) the predicted patterns of diversity and (c) community structure (as measured by the standardized effective size; SES) of ant 
species as a function of island area and isolation. According to the Theory of Island Biogeography, taxonomic, phylogenetic and functional 
diversity should increase with island area and decrease with island isolation. Communities on smaller and more remote islands may be highly 
clustered because the subset of species either shares similar functional traits or similar evolutionary histories (a). Conversely, communities 
on larger and less isolated islands may be overdispersed because these islands provide more potential habitats and niches, and closely 
related species would compete for resources, resulting in close relatives being competitively excluded from the community. Additionally, we 
may expect a shift from clustering to overdispersion as increasing island area and decreasing isolation (c)
(a)
(b)
(c)
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shortest shore-to-shore distance to the mainland) were calculated 
in ArcGIS 10.4 (https://suppo rt.esri.com/zh-cn/produ cts/deskt op/
arcgi s-deskt op/arcma p/10-4-1) for a water level of 100 m a.s.l.
2.2 | Data collection
2.2.1 | Ant sampling
On each island, we set up between one and nine transect lines, pro-
portional to the natural logarithm of island area (e.g. one transect on 
islands <3 ha, nine transects on the largest island; Table S1). Transect 
length was up to 200 m (on larger islands). On smaller islands <200 m 
long, the transect was laid parallel to the longest axis. Transects on the 
same island were separated by at least 400 m to minimize sampling 
the same ant colonies. Each transect was sampled using pitfall traps, 
hand collection and Winkler extraction in a random order (Agosti, 
Majer, Alonso, & Schultz, 2000; see Appendix S1 for sampling details).
All ant specimens were identified to species level when possible, 
or to morphospecies. Specimens are preserved in the College of Life 
Sciences, Zhejiang University, China.
2.2.2 | Phylogenetic construction
A phylogeny was constructed using BEAST v. 1.10.4 (Drummond & 
Rambaut, 2007), based on three nuclear genes (18S, 28S and wing-
less; see Appendix S1 for more details). The resulting tree was visu-
alized with FigTree v.1.4.3 (http://tree.bio.ed.ac.uk/) and used for all 
subsequent analyses (Figure S2). All sequences were newly identi-
fied in the present study and were deposited in GenBank with acces-
sion numbers MN159606–MN159908 (Table S3).
2.2.3 | Selection of morphological traits
We chose five morphological traits related to ant diet, habitat pref-
erences and foraging strategies: Weber’s length (AL), relative eye 
width (ED), relative leg length (LL), relative mandible length (ML) 
and relative scape length (SL). By focusing on morphological traits, 
we inevitably ignored some important aspects of ant ecology, such 
as nest preference or thermal tolerance (Arnan, Arcoverde, Pie, 
Ribeiro-Neto, & Leal, 2018). However, direct links between morpho-
logical traits and functions have been observed in ants (Table S4). 
See Appendix S1 for measurement of morphological traits.
2.3 | Data analyses
2.3.1 | Diversity metrics
To test our first prediction, we calculated three dimensions of biodiver-
sity for which we tested for a positive diversity–area and a negative di-
versity–isolation relationships. For the taxonomic diversity metric, we 
used SR, calculated by pooling all ant individuals and species sampled 
by the three methods (pitfall traps, hand collection and Winkler ex-
traction). For the phylogenetic diversity metrics, we calculated Faith’s 
phylogenetic diversity (hereafter, PD; the sum of the branch length of 
F I G U R E  2   The 33 study islands (in 
black) in the Thousand Island Lake region, 
Zhejiang, China (modified from Si et al., 
2014). Islands are labelled as a function of 
decreasing areas from S01 to S33
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species within a community) and the mean pairwise distance (MPD; 
Faith, 1992; Webb, Ackerly, Mcpeek, & Donoghue, 2002). PD and 
MPD were calculated using the pd and mpd functions in the ‘picante’ 
package in R (Kembel et al., 2010). For comparison with phylogenetic 
diversity metrics, we calculated Petchey and Gaston's functional diver-
sity (hereafter, FD; total branch length of the functional dendrogram 
that species are clustered in trait space) and the functional equivalent 
of MPD (hereafter FD_MPD; Arnan et al., 2018; Petchey & Gaston, 
2002). The functional trait-based dendrogram was generated with a 
Gower dissimilarity distance matrix from the scaled and centred trait 
values, applying the unweighted pair group method with arithmetic 
mean (UPGMA). FD was calculated using alpha function in the ‘BAT’ 
package in R (Cardoso, Rigal, & Carvalho, 2015) and FD_MPD was cal-
culated using the same R functions as MPD, except that the trait-based 
dendrogram rather than phylogenetic tree was used.
2.3.2 | Community structure and null models
To test our second prediction that environmental filtering dominated 
ant community structure on smaller and more isolated islands com-
pared to competitive exclusion on larger and less isolated islands, we 
used a ‘shuffling tip’ null modelling approach. This method tested 
whether the observed phylogenetic and functional diversity metrics 
differed from communities assembled at random relative to the ob-
served phylogenetic or functional tree. We randomly shuffled the 
names of the species on the tips of the two trees 999 times but re-
tained the structure of the phylogenetic or functional tree (Swenson, 
2014). Next, we calculated the standardized effect sizes (SES) of 
the phylogenetic and functional diversity metrics (i.e. sesMPD and 
sesFD_MPD) to estimate ant community structure, as follows:
where Obs is the observed phylogenetic or functional diversity on 
each island, and Meannull and SDnull are the values of the mean and 
standard deviation of 999 randomized communities for phylogenetic 
or functional diversity on each island. SES is a metric of the random-
ness of community structure: positive values of SES indicate commu-
nity overdispersion, and negative values indicate community clustering 
(Webb et al., 2002). Values greater than 1.96 or less than −1.96 indicate 
significantly community clustering or overdispersion (α = 0.05).
2.3.3 | Sampling completeness and efforts
To test the completeness of sampling on the larger islands with a 
total transect length ≥200 m (Table S1), we calculated species’ fre-
quency (how many times a species was captured in the pitfall traps 
or Winkler extraction) and abundance (total number of individuals 
captured by hand collection) for each island. The sampling complete-
ness curves were calculated using the iNEXT function in the ‘iNEXT’ 
package in R (Hsieh, Ma, & Chao, 2016).
To test whether differences in sampling effort among islands in-
fluenced the observed relationship between diversity metrics and 
island variables, we generated a null distribution of data by taking 
1,000 subsets of the data for each island. For each subset, we ran-
domly selected data according to the minimum number of samples 
per sampling method. Specifically, for each run, we randomly chose 
four pitfall traps, two samples of Winkler extraction, and pooled 
40 m lengths of transect trails for each island. Then, we calculated 
SR, PD, FD, MPD and FD_MPD derived from the 1,000 runs and 
checked if the relationships between these rarefied diversity met-
rics and the island variables were identical with the observed rela-
tionship. To further reduce the effect of sampling effort, we tested 
our hypotheses at both the island scale and the transect scale.
2.3.4 | Phylogenetic signal
To examine the phylogenetic signal of each trait, we used two indices: 
Blomberg's K (Blomberg, Garland, & Ives, 2003) and Pagel's λ (Pagel, 
1999). For both indices, larger values indicate a stronger phylogenetic 
signal (for λ, values close to 1, and for Blomberg's K, values >1).
2.3.5 | Effect of island area and isolation on 
diversity metrics and community structure
We log10-transformed island area to normalize model residuals. 
Island area was not correlated with isolation (Pearson: r = −.23, 
p = .20). At the island scale, we used multiple linear regression mod-
els to examine the relationships between the diversity metrics and 
island area and between the diversity metrics and isolation.
At the transect scale, we used linear mixed-effects regression 
models, setting island identity as a random effect, to regress the di-
versity metrics against island area and isolation. All analyses were 
conducted in R version 3.5.1 (R Core Team, 2018).
3  | RESULTS
A total of 91,011 individual ants were captured across the 33 islands, 
belonging to 97 species in 44 genera and eight subfamilies. Pheidole 
nodus (n = 23,999) and Carebara vespillo (n = 20,202) were the most 
abundant species. We captured 81 species by pitfall trap, 84 species 
by hand collection and 66 species by Winkler extraction (Figure S3). 
SR ranged from 11 to 68 species per island (mean = 30) and from 11 
to 44 per transect (mean = 29).
The sampling completeness curves showed that the pitfall traps, 
Winkler extractions and hand collections were sufficient to char-
acterize assemblage richness on the study islands (Figures S4–S6). 
After controlling for sampling effort across islands, we found that 
the rarefied diversity metrics increased with island area and de-
creased with isolation, consistent with the observed results (see re-
sults below, Tables S5–S7).
SES=
(
Obs−Meannull
)
∕SDnull
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All morphological traits had relatively strong phylogenetic sig-
nals (Table S8), indicating that the traits were phylogenetically 
conserved.
3.1 | Effects of island area and isolation on three 
dimensions of diversity
All the diversity metrics showed a similar trend, in line with our first 
prediction: they all increased with island area and decreased with 
isolation (Figures 3 and 4). At both the island and transect scales, 
SR significantly increased with island area (island scale: t = 14.90, 
p < .001, Figure 3a; Table S6; transect scale: t = 12.39, p < .001, 
Figure 3a; Table S7). PD and FD were both strongly correlated with 
SR (Pearson: r > .7, Tables S9 and S10), and also increased with island 
area regardless of the scale (island scale: PD, t = 11.50, p < .001, 
Figure 3b; Table S6; FD, t = 11.49, p < .001, Figure 3c; Table S6; 
transect scale: PD, t = 4.69, p < .001, Figure 3b; Table S7; FD, 
t = 4.69, p < .001, Figure 3c; Table S7). MPD significantly increased 
with island area at the island scale (t = 2.84, p = .008, Figure 4a; 
Table S5) but not at the transect scale (t = 2.30, p = .25, Table S7). 
Conversely, FD_MPD was not significantly affected by island area 
at the island scale (t = 0.71, p = .48, Table S6), but increased with 
island area significantly at the transect scale (t = 2.879, p = .006, 
Figure 4b; Table S7). Also leading some support to our first 
prediction, all diversity metrics decreased with isolation, but none 
were significant.
3.2 | Effects of island area and isolation on 
phylogenetic and functional community structure
Overall, the values of phylogenetic and functional community 
structure (sesMPD and sesFD_MPD) were between −1.96 and 1.96 
(Figure 4c,d), indicating that the ant communities were neither sig-
nificantly clustered nor significantly overdispersed. In other words, 
the ant communities could not be distinguished statistically from 
random assemblages.
Despite this lack of difference, some patterns were apparent. 
The values of the phylogenetic community structure (sesMPD) were 
lower than zero for most islands (Figure 4c), suggesting phylogenetic 
clustering. The exception to this pattern occurred on some of the 
larger islands (e.g. islands S01 and S02), where communities tended 
to be overdispersed (Figure 4c). In contrast to phylogenetic commu-
nity structure, values of functional community structure (sesFD_
MPD) were higher than zero on most islands (Figure 4d), suggesting 
overdispersion.
Interestingly, measures of both phylogenetic and functional com-
munity structure indicated that ant communities became less closely 
related on larger islands, although neither varied systematically as 
F I G U R E  3   The effect of island area 
on (a) species richness (SR), (b) Faith's 
phylogenetic diversity (PD) and (c) 
Petchey and Gaston's functional diversity 
(FD) of ant communities at the island scale 
(green filled circles and lines) and the 
transect scale (blue open circles and lines) 
on 33 study islands in the Thousand Island 
Lake, China. The green and blue lines 
represent the predicted values of SR, PD 
and FD for island area (solid lines indicate 
significant relationships at α = 0.05) 
that were obtained by holding isolation 
constant at the mean value. Larger circles 
represent more isolated islands [Colour 
figure can be viewed at wileyonlinelibrary.
com]
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a function of isolation (Tables S6 and S7). Specifically, sesMPD sig-
nificantly increased with island area at the island scale but not at 
the transect scale (t = 2.185, p = .037, Figure 4c; Table S6), whereas 
sesFD_MPD significantly increased with island area at the tran-
sect scale but not at the island scale (t = 3.709, p < .001, Figure 4d; 
Table S7). Importantly, these significant relationships between ses-
MPD and sesFD_MPD and island area at different scales were iden-
tical with the observed patterns of MPD and FD_MPD, indicating 
that the island area still affected community assembly even though 
ant community structure on the islands was indistinguishable from 
random communities.
4  | DISCUSSION
In this study, we analysed the response of ant communities to island 
area and isolation using three dimensions of biodiversity (taxonomic, 
phylogenetic and functional diversity) in a subtropical island archi-
pelago system. Our results indicated that island area, not isolation, 
is the main driver of ant biodiversity and community structure on 
our study islands (Tables S6 and S7). These results supported the 
following predictions: (a) positive diversity–area relationships for 
the three dimensions of biodiversity and (b) environmental filtering 
is the dominant process in structuring ant assemblages on smaller 
islands, whereas competitive exclusion becomes more important on 
larger islands. Moreover, we found that communities tended to be 
phylogenetically clustered but functionally overdispersed on islands. 
This result suggested that distinct mechanisms may influence phylo-
genetic and functional community structure.
The positive species-area relationship is widely observed, 
acknowledged and studied in biogeography (Matthews, Rigal, 
Triantis, & Whittaker, 2019). Larger islands host more species due 
to more diverse habitat types, higher ecosystem productivity and 
higher quality of resources (Wardle, Hörnberg, Zackrisson, Kalela-
Brundin, & Coomes, 2003). Previous studies in our system have 
found positive species–area relationships for plant, bird, snake and 
small mammal communities as well (Wilson et al., 2016). Our re-
sults for ant communities are broadly consistent with these find-
ings. However, although such species–area relationships have been 
intensively examined, phylogenetic–area and functional–area re-
lationships have been less reported (but see Ross et al., 2019; Si 
et al., 2017; Whittaker et al., 2014). In our study, phylogenetic and 
functional diversity (PD, MPD, FD and FD_MPD) were both posi-
tively related to the island area, consistent with results from other 
studies (Ross et al., 2019; Si et al., 2017). Larger islands supported 
higher SR, as well as higher functional and phylogenetic diversity. 
Notably, the slopes of the diversity–area relationships of SR, PD 
and FD were steeper at the island scale than at the transect scale 
(Figure 3), indicating turnover of ant species among transects on 
larger islands.
F I G U R E  4   The effect of island 
area on (a) the mean pairwise distance 
(MPD), (b) the functional equivalent of 
the mean pairwise distance (FD_MPD), 
(c) the standardized effect size of MPD 
(sesMPD) and (d) the standardized effect 
size of FD_MPD (sesFD_MPD) of ants 
communities at the island scale (green 
filled circles and lines) and the transect 
scale (blue open circles and lines) on 33 
study islands in the Thousand Island 
Lake, China. The green and blue lines 
represent the predicted values of MPD, 
FD_MPD, sesMPD and sesFD_MPD for 
island area (solid lines indicate significant 
relationships at α = 0.05) that were 
obtained by holding isolation constant at 
the mean value. Larger circles represent 
more isolated islands. Black dash-dotted 
lines indicate the threshold of ± 1.96 SES 
for significantly non-random values in (c) 
and (d) at α = 0.05 [Colour figure can be 
viewed at wileyonlinelibrary.com]
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Ant communities in our study islands tended to be phyloge-
netically clustered (Figure 4c). Such a clustering pattern would be 
expected if environmental filtering was the dominant process struc-
turing the ant communities. In general, theory suggests that phyloge-
netic clustering is more likely to occur when conditions are relatively 
extreme because fewer organisms possess the traits required to 
survive and these organisms are more likely to be more closely 
related (Machac et al., 2011; Smith et al., 2014). Environmental fil-
tering has also been suggested to be common, if not universal, on 
islands. For example, Carvajal-Endara, Hendry, Emery, and Davies, 
(2017) found that floras on the Galápagos Islands were strongly in-
fluenced by environmental filtering. Similarly, Si et al. (2017) found 
that environmental filtering shaped bird communities on all but the 
largest island in the Thousand Island lake system. If environmental 
filtering was mediated by functional traits with strong phylogenetic 
signals, we would also expect functional trait clustering to occur. In 
our study, all functional traits exhibited a significant phylogenetic 
signal, in line with results from other studies of ants (Arnan et al., 
2018; Donoso, 2014). However, rather than clustering, we found 
that the functional structure of the ant communities tended to be 
overdispersed (Figure 4d). These contrasting results are reconcilable 
if interspecific competition dominates the assembly of the func-
tional trait community.
Conflicting patterns in phylogenetic and functional structure 
have also been found in other ant communities, even those with 
significant phylogenetic signals for functional traits (Arnan et al., 
2018; Liu et al., 2016), as well as other taxa (e.g. Chun & Lee, 2017; 
Yang et al., 2014; for plants; Sobral & Cianciaruso, 2016 for birds). 
Cadotte et al. (2019) recently summarized community studies that 
tested the phylogenetic and functional community structure si-
multaneously and found that these two patterns were incongruent 
nearly half of the time. The simple explanation for these conflicting 
patterns is that the phylogenetic and functional structure of com-
munities capture different processes. Because they are closer to the 
actual competition, it seems likely that functional traits better rep-
resent the extent to which competition is occurring. For example, 
morphological traits are known to directly influence the competitive 
capacity of ants (Davidson, 1977). On the other hand, phylogenetic 
data may capture complex relationships that better reflect environ-
mental filtering (Cadotte et al., 2019). At this point, more studies 
are needed to disentangle the mechanisms governing phylogenetic 
and functional structure. In the meantime, it is clear that phyloge-
netic diversity cannot be used as a simple proxy for functional di-
versity. This result is an important point, in as much as phylogenetic 
diversity is often used as an indirect estimate of ecological diver-
sity or similarity (Swenson, 2013). A phylogenetic approach is likely 
to overestimate the information relevant to one or a few traits of 
species. As a result, important information can be lost or missed 
when using phylogenetic diversity as a substitute for functional di-
versity (Chun & Lee, 2017). Conversely, studies using a functional 
trait approach often focus on traits that are easily measured, which 
for ants are morphological traits (Arnan et al., 2018). This strategy 
may ignore other ‘difficult to measure’ traits that are important for 
ant species coexistence, such as nest site, colony size and dispersal 
ability. In addition, the functional trait approach also has several in-
herent weaknesses. For example, it typically fails to capture with-
in-species and within-population variation that may be very relevant 
to coexistence (Chun & Lee, 2017; Swenson, 2013). Thus, we argue 
that multiple dimensions of biodiversity should be considered at the 
same time when assessing processes of community assembly.
Taking the measures of phylogenetic and functional structure 
(sesMPD and sesFD_MPD) together, we found ant community 
structure on smaller islands was more likely to be clustered and that 
community structure on larger islands was more likely to be overdis-
persed. Moreover, sesMPD and sesFD_MPD increased with increas-
ing island area (though the statistical significance differed between 
transects and islands), which showed that island area (but not island 
isolation) acted as an important filter. For island faunas, environmen-
tal conditions on smaller islands have long been argued to be more 
stressful for most taxa because resources, food and habitat diver-
sity are more scarce than on larger islands (Gravel, Massol, Canard, 
Mouillot, & Mouquet, 2011; Harvey & MacDougall, 2014). In this 
light, one might predict that only the species and lineages with traits 
associated with tolerance of stressful environments could persist on 
smaller islands (Harvey & MacDougall, 2014; Liu et al., 2019). Such 
an effect would lead to reduced functional and/or phylogenetic di-
versity on smaller islands. For example, generalized species may sur-
vive on smaller islands as they have broad diets. Indeed, we found 
that species on the smallest island were all generalists (Figure S2; 
Table S11). Ant communities on larger islands were more overdis-
persed potentially due to the presence of certain specialist preda-
tory ant species. The presence of predatory species on larger islands 
is predicted by the trophic theory of island biogeography in which 
species at higher tropic levels with a narrow diet breadth are more 
likely to occur on larger islands (Gravel et al., 2011). For example, 
the army ant Aenictus, which preys on other ant species (Shattuck, 
2008), was present only on the largest islands and is derived from 
a relatively ancient lineage (Figure S2). Transect versus whole-is-
land scale analyses revealed that island area significantly influenced 
phylogenetic clustering at the island scale (Figure 4a,c) but affected 
functional overdispersion at the transect scale (Figure 4b,d). These 
findings could imply that assembly mechanisms are scale-depen-
dent (Donoso, 2014; Sobral & Cianciaruso, 2016). Our results indi-
rectly showed some evidence that environmental filtering was more 
important at larger scales and competition was more important at 
smaller scales (see also Yang et al., 2014).
We did not observe diversity–isolation relationships of ants in our 
study system. This result indicated that the islands were sufficiently 
close to the mainland to allow unimpeded dispersal among them. The 
most isolated island in our system was 3,547 m away from the main-
land. Some ant taxa (e.g. the genus Solenopsis) can disperse tens of 
thousands of metres (Helms, 2018). However, other ant taxa (e.g. the 
genus Strumigenys) are much worse dispersers and 3,547 m might be 
a significant barrier. Alternatively, in the artificial archipelagic sys-
tems, rather than new colonization events on islands, remnant com-
munities of formerly continuous habitat may undergo species loss 
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(i.e. relaxation) until a new equilibrium community is reached (Jones 
et al., 2016). In our case, ant species may have already existed on the 
islands since before the lake and islands were formed. Accordingly, 
the study islands may still be more strongly influenced by dynamics 
associated with persistence and extinction rather than a process of 
species accumulation. The extinction rate depends largely on island 
area (Liu et al., 2019; Si et al., 2014); as a result, we failed to find an 
effect of isolation on diversity and community structure.
In conclusion, we verified that island area was a better predictor 
than isolation of ant diversity on a subtropical island archipelago. Larger 
islands possessed more species and higher phylogenetic and functional 
diversity. The contrasting patterns between the phylogenetic and 
functional structure of ant communities indicated that environmental 
filtering dominated community structure on smaller islands, whereas 
competitive exclusion dominated community structure on larger islands. 
Our study also highlighted the extent to which the relative importance 
of different mechanisms of community assembly differed depending 
upon whether the focus was phylogenetic or functional diversity, as 
well as the spatial scale at which these mechanisms were considered.
ACKNOWLEDG EMENTS
We are grateful to Chun'an Forestry Bureau and the Thousand 
Island Lake National Forest Park for permits to conduct this 
research in Thousand Island Lake. We acknowledge Juan Liu, 
Tinghao Jin and other members for helping the field work, 
Shanyi Zhou and Zhilin Chen for ant species identification, 
Ruisen Lu for the phylogenetic tree construction and Nathan 
J. Sanders, Xin Jing, Kang Xu, Aiying Zhang and Di Zeng for 
suggestions on early manuscripts. We would also like to thank 
Dr. Simon Queenborough at the Yale University for his assis-
tance with English language editing of the manuscript. This 
study was funded by the National Nature Science Foundation of 
China (#31572250 to P.D., #31872210 and #31500453 to X.S.), 
Shanghai Rising-Star Program (#19QA1403300 to X.S.) and 
the Fundamental Research Funds for the Central Universities 
(#2019QNA6002). Y.Z. was financially supported by Zhejiang 
University.
DATA AVAIL ABILIT Y S TATEMENT
Data associated with this study have been uploaded in the Dryad 
Digital Repository: https://datad ryad.org/stash /share /HrycR 
H34my N62N5 YORNG MKGgA xrC6f 8w3Kt -Mjg-ILU.
ORCID
Yuhao Zhao  https://orcid.org/0000-0002-8985-9633 
Xingfeng Si  https://orcid.org/0000-0003-4465-2759 
R E FE R E N C E S
Agosti, D., Majer, J., Alonso, L., & Schultz, T. (2000). Ants: Standard 
methods for measuring and monitoring biodiversity. Washington, DC: 
Smithsonian Institution Press.
Arnan, X., Arcoverde, G., Pie, M., Ribeiro-Neto, J., & Leal, I. (2018). 
Increased anthropogenic disturbance and aridity reduce phylogenetic 
and functional diversity of ant communities in Caatinga dry for-
est. The Science of the Total Environment, 631, 429–438. https://doi.
org/10.1016/j.scito tenv.2018.03.037
Blomberg, S. P., Garland, T., & Ives, A. R. (2003). Testing for phyloge-
netic signal in comparative data: Behavioral traits are more labile. 
Evolution, 57, 717–745. https://doi.org/10.1111/j.0014-3820.2003.
tb002 85.x
Cadotte, M. W., Carboni, M., Si, X., & Tatsumi, S. (2019). Do traits and 
phylogeny support congruent community diversity patterns and as-
sembly inferences? Journal of Ecology, 107, 2065–2077. https://doi.
org/10.1111/1365-2745.13247
Cardoso, P., Rigal, F., & Carvalho, J. C. (2015). BAT – Biodiversity 
Assessment Tools, an R package for the measurement and estima-
tion of alpha and beta taxon, phylogenetic and functional diversity. 
Methods in Ecology and Evolution, 6, 232–236.
Carvajal-Endara, S., Hendry, A. P., Emery, N. C., & Davies, T. J. (2017). 
Habitat filtering not dispersal limitation shapes oceanic island floras: 
Species assembly of the Galápagos archipelago. Ecology Letters, 20, 
495–504. https://doi.org/10.1111/ele.12753
Cavender-Bares, J., Kozak, K. H., Fine, P. V., & Kembel, S. W. 
(2009). The merging of community ecology and phylo-
genetic biology. Ecology Letters, 12, 693–715. https://doi.
org/10.1111/j.1461-0248.2009.01314.x
Chun, J.-H., & Lee, C.-B. (2017). Disentangling the local-scale drivers of 
taxonomic, phylogenetic and functional diversity in woody plant as-
semblages along elevational gradients in South Korea. PLoS ONE, 12, 
e0185763. https://doi.org/10.1371/journ al.pone.0185763
Cole, B. J. (1983). Assembly of mangrove ant communities: Patterns of 
geographical distribution. Journal of Animal Ecology, 52, 339–347. 
https://doi.org/10.2307/4557
Davidson, D. W. (1977). Species diversity and community organiza-
tion in desert seed-eating ants. Ecology, 58, 711–724. https://doi.
org/10.2307/1936208
Donoso, D. A. (2014). Assembly mechanisms shaping tropical litter ant 
communities. Ecography, 37, 490–499.
Drummond, A. J., & Rambaut, A. (2007). BEAST: Bayesian evolutionary 
analysis by sampling trees. BMC Evolutionary Biology, 7, 214. https://
doi.org/10.1186/1471-2148-7-214
Faith, D. P. (1992). Conservation evaluation and phylogenetic diversity. 
Biological Conservation, 61, 1–10. https://doi.org/10.1016/0006-
3207(92)91201 -3
Fichaux, M., Béchade, B., Donald, J., Weyna, A., Delabie, J. H. C., 
Murienne, J., … Orivel, J. (2019). Habitats shape taxonomic and func-
tional composition of Neotropical ant assemblages. Oecologia, 189, 
501–513. https://doi.org/10.1007/s0044 2-019-04341 -z
Gibb, H., Sanders, N. J., Dunn, R. R., Arnan, X., Vasconcelos, H. L., Donoso, 
D. A., … Parr, C. L. (2018). Habitat disturbance selects against both 
small and large species across varying climates. Ecography, 41, 1184–
1193. https://doi.org/10.1111/ecog.03244
Graham, C. H., Parra, J. L., Rahbek, C., & McGuire, J. A. (2009). 
Phylogenetic structure in tropical hummingbird communities. 
Proceedings of the National Academy of Sciences of the United States 
of America, 106, 19673–19678. https://doi.org/10.1073/pnas.09016 
49106
Gravel, D., Massol, F., Canard, E., Mouillot, D., & Mouquet, N. (2011). 
Trophic theory of island biogeography. Ecology Letters, 14, 1010–
1016. https://doi.org/10.1111/j.1461-0248.2011.01667.x
Harvey, E., & MacDougall, A. S. (2014). Trophic island biogeography 
drives spatial divergence of community establishment. Ecology, 95, 
2870–2878. https://doi.org/10.1890/13-1683.1
Helms, J. A. (2018). The flight ecology of ants (Hymenoptera: Formicidae). 
Myrmecological News, 26, 19–30.
HilleRisLambers, J., Adler, P., Harpole, W., Levine, J., & Mayfield, M. (2012). 
Rethinking community assembly through the lens of coexistence 
1636  |     ZHAO et Al.
theory. Annual Review of Ecology, Evolution, and Systematics, 43, 227–
248. https://doi.org/10.1146/annur ev-ecols ys-11041 1-160411
Hölldobler, B., & Wilson, E. O. (1990). The ants. Berlin, Germany: Springer.
Hsieh, T., Ma, K., & Chao, A. (2016). iNEXT: An R package for rarefac-
tion and extrapolation of species diversity (Hill numbers). Methods in 
Ecology and Evolution, 7, 1451–1456.
Jacquet, C., Mouillot, D., Kulbicki, M., & Gravel, D. (2017). Extensions 
of Island Biogeography Theory predict the scaling of functional trait 
composition with habitat area and isolation. Ecology Letters, 20, 135–
146. https://doi.org/10.1111/ele.12716
Jones, I. L., Bunnefeld, N., Jump, A. S., Peres, C. A., & Dent, D. 
H. (2016). Extinction debt on reservoir land-bridge islands. 
Biological Conservation, 199, 75–83. https://doi.org/10.1016/j.
biocon.2016.04.036
Kembel, S. W., Cowan, P. D., Helmus, M. R., Cornwell, W. K., Morlon, H., 
Ackerly, D. D., … Webb, C. O. (2010). Picante: R tools for integrating 
phylogenies and ecology. Bioinformatics, 26, 1463–1464. https://doi.
org/10.1093/bioin forma tics/btq166
Kraft, N. J. B., Adler, P. B., Godoy, O., James, E. C., Fuller, S., & Levine, J. 
M. (2015). Community assembly, coexistence and the environmen-
tal filtering metaphor. Functional Ecology, 29, 592–599. https://doi.
org/10.1111/1365-2435.12345
Krasnov, B. R., Poulin, R., & Mouillot, D. (2011). Scale-dependence of 
phylogenetic signal in ecological traits of ectoparasites. Ecography, 
34, 114–122. https://doi.org/10.1111/j.1600-0587.2010.06502.x
Liu, C., Dudley, K. L., Xu, Z.-H., & Economo, E. P. (2018). Mountain 
metacommunities: Climate and spatial connectivity shape ant di-
versity in a complex landscape. Ecography, 41, 101–112. https://doi.
org/10.1111/ecog.03067
Liu, C., Guénard, B., Blanchard, B., Peng, Y. Q., & Economo, E. P. (2016). 
Reorganization of taxonomic, functional, and phylogenetic ant biodi-
versity after conversion to rubber plantation. Ecological Monographs, 
86, 215–227. https://doi.org/10.1890/15-1464.1
Liu, J., Matthews, T. J., Zhong, L., Liu, J., Wu, D., & Yu, M. (2019). 
Environmental filtering underpins the island species–area relation-
ship in a subtropical anthropogenic archipelago. Journal of Ecology, 
108, 424–432. https://doi.org/10.1111/1365-2745.13272
MacArthur, R. H., & Wilson, E. O. (1967). The theory of island biogeogra-
phy. Princeton, NJ: Princeton University Press.
Machac, A., Janda, M., Dunn, R. R., & Sanders, N. J. (2011). Elevational 
gradients in phylogenetic structure of ant communities reveal the in-
terplay of biotic and abiotic constraints on diversity. Ecography, 34, 
364–371. https://doi.org/10.1111/j.1600-0587.2010.06629.x
Matthews, T. J., Rigal, F., Triantis, K. A., & Whittaker, R. J. (2019). A 
global model of island species–area relationships. Proceedings of the 
National Academy of Sciences of the United States of America, 116, 
12337–12342. https://doi.org/10.1073/pnas.18181 90116
Moore, R. P., Robinson, W. D., Lovette, I. J., & Robinson, T. R. (2008). 
Experimental evidence for extreme dispersal limitation in trop-
ical forest birds. Ecology Letters, 11, 960–968. https://doi.
org/10.1111/j.1461-0248.2008.01196.x
Ottaviani, G., Keppel, G., Götzenberger, L., Harrison, S., Opedal, Ø. H., 
Conti, L., … Chytrý, M. (2020). Linking plant functional ecology to 
island biogeography. Trends in Plant Science, 25(4), 329–339. https://
doi.org/10.1016/j.tplan ts.2019.12.022
Pagel, M. (1999). Inferring the historical patterns of biological evolution. 
Nature, 401, 877–884.
Patiño, J., Whittaker, R. J., Borges, P. A., Fernández-Palacios, J. M., Ah-
Peng, C., Araújo, M. B., … de Nascimento, L. (2017). A roadmap for is-
land biology: 50 fundamental questions after 50 years of The Theory 
of Island Biogeography. Journal of Biogeography, 44, 963–983.
Petchey, O. L., & Gaston, K. J. (2002). Functional diversity (FD), species 
richness and community composition. Ecology Letters, 5, 402–411. 
https://doi.org/10.1046/j.1461-0248.2002.00339.x
Pyron, R. A., & Burbrink, F. T. (2014). Ecological and evolutionary de-
terminants of species richness and phylogenetic diversity for island 
snakes. Global Ecology and Biogeography, 23, 848–856. https://doi.
org/10.1111/geb.12162
R Core Team. (2018). R: A language and environment for statistical com-
puting. Vienna, Austria: R Foundation for Statistical Computing. 
Retrieved from http://www.R-proje ct.org/
Ross, S. R. P. J., Friedman, N. R., Janicki, J., & Economo, E. P. (2019). A 
test of trophic and functional island biogeography theory with the 
avifauna of a continental archipelago. Journal of Animal Ecology, 88, 
1392–1405. https://doi.org/10.1111/1365-2656.13029
Shattuck, S. O. (2008). Review of the ant genus Aenictus (Hymenoptera: 
Formicidae) in Australia with notes on A. ceylonicus (Mayr). Zootaxa, 
1926, 1–19. https://doi.org/10.11646 /zoota xa.1926.1.1
Si, X., Cadotte, M. W., Zeng, D. I., Baselga, A., Zhao, Y., Li, J., … Ding, 
P. (2017). Functional and phylogenetic structure of island bird 
communities. Journal of Animal Ecology, 86, 532–542. https://doi.
org/10.1111/1365-2656.12650
Si, X., Pimm, S. L., Russell, G. J., & Ding, P. (2014). Turnover of breed-
ing bird communities on islands in an inundated lake. Journal of 
Biogeography, 41, 2283–2292. https://doi.org/10.1111/jbi.12379
Smith, M. A., Hallwachs, W., & Janzen, D. H. (2014). Diversity 
and phylogenetic community structure of ants along a Costa 
Rican elevational gradient. Ecography, 37, 720–731. https://doi.
org/10.1111/j.1600-0587.2013.00631.x
Sobral, F. L., & Cianciaruso, M. V. (2016). Functional and phylogenetic 
structure of forest and savanna bird assemblages across spatial 
scales. Ecography, 39, 533–541. https://doi.org/10.1111/ecog.00903
Swenson, N. G. (2013). The assembly of tropical tree communi-
ties – The advances and shortcomings of phylogenetic and 
functional trait analyses. Ecography, 36, 264–276. https://doi.
org/10.1111/j.1600-0587.2012.00121.x
Swenson, N. G. (2014). Functional and phylogenetic ecology in R. New 
York, NY: Springer.
Toro, I. D., Ribbons, R. R., & Pelini, S. L. (2012). The little things that run 
the world revisited: A review of ant-mediated ecosystem services 
and disservices (Hymenoptera: Formicidae). Myrmecological News, 
17, 133–146.
Wardle, D. A., Hörnberg, G., Zackrisson, O., Kalela-Brundin, M., & 
Coomes, D. A. (2003). Long-term effects of wildfire on ecosystem 
properties across an island area gradient. Science, 300, 972–975. 
https://doi.org/10.1126/scien ce.1082709
Webb, C. O., Ackerly, D. D., Mcpeek, M. A., & Donoghue, M. J. (2002). 
Phylogenies and community ecology. Ecology, Evolution, and 
Systematics, 8, 475–505. https://doi.org/10.1146/annur ev.ecols 
ys.33.010802.150448
Weigelt, P., Daniel Kissling, W., Kisel, Y., Fritz, S. A., Karger, D. N., Kessler, 
M., … Kreft, H. (2015). Global patterns and drivers of phylogenetic 
structure in island floras. Scientific Reports, 5, 12213. https://doi.
org/10.1038/srep1 2213
Whittaker, R. J., Rigal, F., Borges, P. A. V., Cardoso, P., Terzopoulou, S., 
Casanoves, F., … Triantis, K. A. (2014). Functional biogeography of 
oceanic islands and the scaling of functional diversity in the Azores. 
Proceedings of the National Academy of Sciences of the United States 
of America, 111, 13709–13714. https://doi.org/10.1073/pnas.12180 
36111
Wilson, M. C., Chen, X.-Y., Corlett, R. T., Didham, R. K., Ding, P., Holt, 
R. D., … Yu, M. (2016). Habitat fragmentation and biodiversity con-
servation: Key findings and future challenges. Landscape Ecology, 31, 
219–227. https://doi.org/10.1007/s1098 0-015-0312-3
Yang, J., Zhang, G., Ci, X., Swenson, N. G., Cao, M., Sha, L., … Lin, L. (2014). 
Functional and phylogenetic assembly in a Chinese tropical tree 
community across size classes, spatial scales and habitats. Functional 
Ecology, 28, 520–529. https://doi.org/10.1111/1365-2435.12176
     |  1637ZHAO et Al.
BIOSKE TCH
Yuhao Zhao is a PhD candidate in Zhejiang University, China. 
He conducted this work as part of his PhD project when visiting 
North Carolina State University and Duke University in the USA. 
His research focuses on species diversity and community struc-
ture of island faunas, interaction among species and biodiversity 
change after habitat fragmentation, particularly ants and birds.
Authors’ contributions: Y.Z., R.R.D., P.D. and X.S. conceived the 
ideas; Y.Z., P.D. and X.S. designed the study; Y.Z., H.Z. and P.D. 
collected field data; Y.Z. and R.R.D. analysed the data; Y.Z. and 
R.R.D. led the writing of first draft of manuscript, P.D. and X.S. 
substantially contributed to revise the manuscript and all authors 
contributed critically to the drafts and gave final approval for 
publication.
SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.
How to cite this article: Zhao Y, Dunn RR, Zhou H, Si X, Ding P. 
Island area, not isolation, drives taxonomic, phylogenetic and 
functional diversity of ants on land-bridge islands. J Biogeogr. 
2020;47:1627–1637. https://doi.org/10.1111/jbi.13860
